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ABSTRACT
Context. Supernova remnants (SNRs) are thought to be the primary candidates for the sources of Galactic cosmic rays. According
to the diffusive shock acceleration theory, SNR shocks produce a power-law spectrum with an index of s = 2, perhaps nonlinearly
modified to harder spectra at high energy. Observations of SNRs often indicate particle spectra that are softer than that and show
features not expected from classical theory. Known drawbacks of the standard approach are the assumption that SNRs evolve in a
uniform environment, and that the reverse shock does not accelerate particles. Relaxing these assumptions increases the complexity
of the problem, because one needs reliable hydrodynamical data for the plasma flow as well as good estimates for the magnetic field
(MF) at the reverse shock.
Aims. We show that these two factors are especially important when modeling young core-collapse SNRs that evolve in a complicated
circumstellar medium shaped by the winds of progenitor stars.
Methods. We used high-resolution numerical simulations for the hydrodynamical evolution of the SNR. Instead of parametrizations
of the MF profiles inside the SNR, we followed the advection of the frozen-in MF inside the SNR, and thus obtained the B-field value
at all locations, in particular at the reverse shock. To model cosmic-ray acceleration we solved the cosmic-ray transport equation in
test-particle approximation.
Results. We find that the complex plasma-flow profiles of core-collapse SNRs significantly modify the particle spectra. Additionally,
the reverse shock strongly affects the emission spectra and the surface brightness.
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1. Introduction
It is often assumed that cosmic rays (CRs) with energies below
the knee of the CR spectrum (∼ 1016 eV) are accelerated in su-
pernova remnants (SNRs). If this were correct, particle spectra
should follow a power-law with index, s = 2, with an exponen-
tial cut-off at very high energy. However, the wealth of recent
observational data on, e.g., RX J0852.0-4622 (Aharonian et al.
2007), RCW 86 (Aharonian et al. 2009), SN 1006 (Acero et al.
2010), Cas A (Acciari et al. 2010; Abdo et al. 2010), and
Tycho’s SNR (Acciari et al. 2011; Giordano et al. 2012) provide
strong evidence that the particle spectra are significantly softer.
Moreover, the spectral shape is not a pure power law with ex-
ponential cut-off, as for example in Cas A. In addition, multi-
wavelength images of SNRs puzzle observers and force them
to introduce multi-zone emission models (Araya & Cui 2010;
Lemoine-Goumard et al. 2012; Atoyan & Dermer 2012).
Several groups have introduced modifications to classical
diffusive shock acceleration (DSA) theory (Axford et al. 1977;
Krymskii 1977; Bell 1978; Blandford & Ostriker 1978) and
its nonlinear counterpart (NDSA) (Malkov & O’C Drury 2001).
Malkov et al. (2012) claim that ion-neutral collisions in the SNR
vicinity may steepen the energy spectrum of particles by one
power with respect to classical DSA due to an evanescence of
Alfve´n waves that permits the escape of particles in a certain mo-
mentum range. Blasi et al. (2012) discuss the spectral softening
⋆ e-mail: igor.telezhinsky@desy.de
that arises from the energy and momentum transfer of neutrals
that return to the upstream region. The mean free path of neutrals
is longer than the length-scale of shock modification because of
CR streaming, and hence the effective compression ratio is < 4
and the particle spectrum is soft even for high-energy particles.
Caprioli (2012) argues that in the upstream region the scatter-
ing centers propagate with Alfve´n velocity, which in the pres-
ence of very strong MF amplification reduces the compression
ratio and leads to soft spectra of particles (see also Lerche et al.
2000). According to this study, the acceleration efficiency satu-
rates at around 30%. Inoue et al. (2010) consider multiple weak
secondary shocks that appear when the primary forward shock
propagates through a medium filled with small dense cloudlets.
The CRs are re-accelerated at these low-Mach-number shocks,
resulting in a softer spectrum. The largest and strongest sec-
ondary shock in the system is the reverse shock (RS) that propa-
gates through the ejecta. High-resolution radio and X-ray obser-
vations support the notion that particle acceleration can also oc-
cur at RS (Gotthelf et al. 2001; Rho et al. 2002; DeLaney et al.
2002; Sasaki et al. 2006; Helder & Vink 2008), but only re-
cently has this possibility been considered in theoretical calcu-
lations (Zirakashvili & Aharonian 2010; Zirakashvili & Ptuskin
2011; Telezhinsky et al. 2012a,b), which relax the restricting as-
sumptions about the magnetic field (MF) in the RS region (e.g.
Ellison et al. 2005). The RS accelerates particles of the ejecta
and thus provides a second population of relativistic particles
in addition to that produced at the forward shock. The superpo-
sition of these two components may lead to spectral modifica-
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tions in the volume-integrated emission from SNRs that are not
easily reproduced with so-called one-zone/one-shock models,
and accordingly, multiple zones/particle populations need to be
employed (Araya & Cui 2010; Lemoine-Goumard et al. 2012;
Atoyan & Dermer 2012). Misinterpretations are possible if the
forward shock (FS) is considered the sole accelerator.
Another idealization is the assumption that SNRs evolve
in a uniform environment. Given that stellar mass-loss con-
siderably modifies the surroundings of stars, as well as
known inhomogeneities in the interstellar medium, it is clear
that this cannot hold, and calculations have started to take
into account the complicated nature of the SNR environ-
ment (Ellison & Bykov 2011; Zirakashvili & Ptuskin 2011;
Ellison et al. 2012; Telezhinsky et al. 2012b). This increases the
complexity of the problem, because one requires reliable hydro-
dynamics of the plasma flow as well as knowledge about the MF
at the reverse shock.
In this paper we show that taking into account both points,
namely the acceleration of particles at the RS and the com-
plex hydrodynamics of SNRs, is particularly important for mod-
eling young core-collapse SNRs that evolve in a circumstellar
medium shaped by the wind from the progenitor star. The result-
ing volume-integrated spectrum of particles and their consequent
radiation is significantly different from that of planar-shock cal-
culations and dependent on the type of SNR. To accomplish our
study, we perform high-resolution simulations of the hydrody-
namical evolution of the SNR with initial and environmental
conditions representative of Type Ic and Type IIP supernovae
(SNe). We consider the transport of frozen-in MF by the plasma
flow inside the SNR to trace its evolution inside the remnant and
particularly in the RS region separately for the radial and the
tangential field. We model cosmic-ray acceleration by solving
the cosmic-ray transport equation in test-particle approximation.
Finally, we calculate the resulting emission from the SNR and
construct surface-brightness maps in various energy bands. Thus
we trace the complex particle distribution resulting from particle
acceleration at both shocks.
2. Hydrodynamics
Our goal is to study how the evolution of SNR shock waves into
the medium created by their progenitor stars modifies the spectra
and high-energy emission from these objects. Given the impos-
sibility of exploring the total diversity of paths that can lead to
a supernova explosion, we have instead chosen to sample two
distinctive types of SNe. These illustrate the detailed structure
of the circumstellar medium into which SNe advance, and also
how the various features in the spectra, and the very high energy
emission, relate to the evolutionary properties of the SN.
We investigate here Type Ic and Type IIP SNe. We chose
these because they show two different regimes of evolution, and
because many SNe, even those of other types, will fall some-
where close to or in between these types. For instance, Cas A is
classified as a Type IIb SN based on spectra obtained from light
echoes. However, its evolution in a red supergiant (RSG) wind
(Chevalier & Oishi 2003), within which it is probably currently
expanding, would be quite similar to the evolution in a wind
medium for a Type IIP SN. Thus we hope to give an overview of
the spectra and evolution of many different types of young SNRs
via these calculations. Below we describe the assumptions that
went into the simulations, and the evolution of the remnant in
each case.
To simulate the SN expansion into the ambient medium,
we first need to understand the nature of the ambient medium.
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Fig. 1. Density profiles of circumstellar gas before the explosion
of Type-Ic and Type-IIP SNe.
Since the medium around core-collapse SNe is shaped mainly
by mass-loss from the progenitor star, we need to take into ac-
count the evolution of the progenitors of these SNe.
Type IIP SNe arise from the explosion of RSGs. In gen-
eral, these stars start as O- or B-type stars while on the main
sequence, with initial masses between about 8 and 30 so-
lar masses. In the main-sequence stage these stars lose mass
via radiatively driven winds, with high wind velocities (>
1000 km s−1) with a mass-loss rate of about 10−7 M⊙ yr−1.
The interaction of the main-sequence wind with the surround-
ing (constant-density) interstellar medium gives rise to a wind-
blown bubble (Weaver et al. 1977; Garcia-Segura et al. 1996;
van Marle et al. 2005; Dwarkadas 2005, 2007; Toala´ & Arthur
2011; Dwarkadas & Rosenberg 2012). The standard structure of
the wind bubble, going outwards in radius from the star, con-
sists of a freely expanding wind that ends in a wind termination
shock, a hot, low-density shocked wind medium, a contact dis-
continuity, outer shock, and the external medium. If the wind
has constant parameters, the freely expanding wind will have a
density profile that decreases as r−2, while the shocked wind will
have a more or less constant density. It is possible that, depend-
ing on the surface temperature and number of ionizing photons
emitted from the star, there is a dense ionized (HII) region inside
the constant discontinuity (see e.g. Dwarkadas 2011). Since this
does not happen in all cases, we have not taken it into account.
As the star moves off the main sequence into the RSG stage,
it grows considerably in size, the wind mass-loss rate increases
to about 5×10−5M⊙yr−1 while the velocity drops to a low value
of about 10 km s−1. This results in a new pressure equilibrium.
The high density (∝ ˙M/vw) of the RSG wind leads to the forma-
tion of a wind region with density almost four orders of magni-
tude above that of the main-sequence wind. The RSG wind can
also end in a shell, but we chose for simplicity to exclude this.
This leads to the density structure shown in Fig 1, with an ini-
tial high-density wind with density decreasing as r−2, followed
by a steep drop in density toward the main-sequence wind zone,
ending in the main-sequence shell.
If the initial mass of the star exceeds about 30 M⊙ (depending
on which models are used), the star will not end its life as a RSG.
It will leave the main sequence to become an RSG, or, in stars
with initial mass > 50 M⊙, to become a luminous blue variable.
Following this, it may shed the outer H and perhaps He envelope,
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Fig. 2. Time evolution of the plasma outflow velocity (top) and density (bottom) as a function of radius for Type-Ic and Type-IIP
SNRs.
turning into a Wolf-Rayet (WR) star. The mass-loss rates of WR
stars are somewhat lower than those of RSG winds, but their
wind velocities are more than two orders of magnitude higher,
leading to wind densities that are more than two orders of magni-
tude lower. The high momentum of the winds pushes outward on
the RSG shell, breaking it up in the process and mixing the RSG
material into the WR wind (Dwarkadas 2007; Toala´ & Arthur
2011; Dwarkadas & Rosenberg 2012). This mixed material ap-
proaches, and could bounce back from, the main-sequence shell.
Eventually, the system reaches an equilibrium situation that in
many ways resembles the main-sequence bubble (and has almost
the same radius, since the main sequence-shell is very dense and
expanding very slowly, on the order of 20-50 km s−1), but the
extent of the freely expanding wind and shocked wind, and the
radius of the wind termination shock, are different. This leads to
the situation shown in Fig 1.
To explore the situation without having to simulate the en-
tire evolution of the progenitor star and its wind medium, we
approximated the wind density profile using reasonable average
parameters. Following this, we investigated the evolution of the
SN shock wave within the medium. We used the VH-1 code,
a 3D finite-difference hydrodynamic code based on the piece-
wise parabolic method (Colella & Woodward 1984). Since we
aim to study the effects of the complicated environment, we
assumed similar characteristics for the SN density structure in
each case, so that the differences in the evolution result purely
from the difference in the ambient medium. In each case we as-
sumed an ejecta mass of about 5 M⊙ and an explosion energy
of 1051 ergs. The ejecta density is flat where the plasma flow
velocity is below a certain value, u f l, and decreases as a power
law with radius, ρe j ∝ r−9, where the flow velocity is above u f l
(Chevalier & Fransson 1994; Dwarkadas 2005). The interaction
of the ejecta with the wind medium sets up a double-shock struc-
ture as expected, consisting of a forward and reverse shock sep-
arated by a contact discontinuity. The region between the outer
shock and contact discontinuity contains shocked surrounding
medium, whereas the region between the inner shock and con-
tact discontinuity includes shocked ejecta. The structure of this
shocked region depends on the ejecta density and the density
profile of the surrounding medium (Chevalier 1982; Dwarkadas
2011), and has implications for the emission from the remnant.
The shock expansion in the wind medium in both cases is
quite similar initially, except that the shock moves slower in the
high-density region, as expected. The evolution changes once
the shock reaches the end of the freely expanding wind region.
In the RSG case one finds a huge drop in density beyond the
wind region, whereas in the WR case one finds an increase in
density by a factor of 4. This change in density and the transi-
tion from the wind zone to a medium of almost constant density
destroys the self-similarity of the solution. The interaction of the
SNR forward shock with the wind termination shock leads to a
reflected shock that travels back into the ejecta in the case of the
Type Ic SN. In the case of the Type IIP, the steep drop leads to
the formation of a complicated ejecta structure. These structures
are used to compute the acceleration of particles at the shock
fronts. The evolution of the plasma velocity and density profiles
is shown in Fig. 2.
3. Magnetic field
The acceleration and subsequent radiation of relativistic par-
ticles significantly depends on the distribution of MF in the
SNR, especially in the upstream and downstream vicinities of
the shocks. In our previous work (Telezhinsky et al. 2012a,b),
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Fig. 3. Time evolution of the total, tangential, and radial MF as a function of radius for Type-Ic (top) and Type-IIP (bottom) SNRs.
we assumed parametrizations for the MF inside the remnant fol-
lowing either pressure or density distributions. We found that
these simple parametrizations fail for Type-IIP SNRs, since the
energy contained in MF would be roughly equivalent to the ex-
plosion energy after a few hundreds years of evolution. In this
work we implement a more realistic description of the MF dis-
tribution inside SNRs, which is especially important for the ac-
celeration of particles at the RS, a key ingredient of our studies.
We start with the assumption that the SNR is filled with a
perfectly conducting fluid, which is common in astrophysical
plasmas. The evolution of the frozen-in MF satisfies the equa-
tion
∂B
∂t
= ▽ × (u × B), (1)
where B is the MF and u is the flow speed. Rewriting the cross
product in Eq. 1 in terms of dot products gives
∂B
∂t
= u(▽ · B) − B(▽ · u) + (B · ▽)u − (u · ▽)B. (2)
Since we have spherically symmetric flow, ur = ur, uθ = 0,
uφ = 0 and ∂ur/∂θ = 0, ∂ur/∂φ = 0. Setting θ = π/2, i.e., Bθ
and Bφ scale in the same fashion and together form the tangential
field, and using
▽ ·B = 0 = 1
r2
∂(r2 Br)
r
+
1
r
∂Bθ
∂θ
+
1
r
∂Bφ
∂φ
, (3)
we reduce Eq. 2 (see appendix) to a set of expressions that de-
scribe the evolution of the radial and tangential components of
B,
∂Br
∂t = − ∂∂r (Brur) − 2Br urr + Br ∂ur∂r
∂Bθ
∂t = − ∂∂r (Bθur) − Bθ urr
∂Bφ
∂t = − ∂∂r
(
Bφur
)
− Bφ urr ,
(4)
Eq. 4 represents the transport of the MF components with the
flow. To solve them, we need to apply initial values and boundary
conditions.
In the core-collapse Type-IIb SN 1993J, the MF in the
emission region is found to be ≃ 64 G at an age of a few
days, when the SNR has a radius of roughly RSN = 1015 cm
(Fransson & Bjo¨rnsson 1998; Martı´-Vidal et al. 2011). Given
the resolution of the radio data, it is not clear whether the
emission region in such a young SN is decoupled from the
ejecta or not. Therefore we interpret this MF as the aver-
age field of the SN and valid also for the ejecta. There are
several arguments supporting this interpretation. (i) During
the collapse of a massive star, a number of processes such
as magneto-rotational (Akiyama et al. 2003) and stationary-
accretion-shock (Endeve et al. 2010) instabilities, small-scale
dynamo action (Thompson & Duncan 1993), Alfve´n-wave am-
plification (Guilet et al. 2011), or simple winding of MF lines
in differential rotation may result in a significant amplifica-
tion of the MF (Obergaulinger & Janka 2011). The amplified
field may be ejected outward together with part of the stel-
lar material in the supernova explosion (Endeve et al. 2010,
2012; Obergaulinger & Janka 2011). The expansion-diluted MF
will be roughly as strong as observed in SN 1993J. (ii)
Common sense suggests that the outflow of ejecta is not lam-
inar. Therefore, various turbulence-induced MF-amplification
processes (Beresnyak et al. 2009a; Guo et al. 2012; Sano et al.
2012) may operate also at the RS propagating through the ejecta.
Alternatively, it may be that the high observed MF is amplified
4
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by CR-streaming instabilities. In the latter case, however, insert-
ing parameter values found by Fransson & Bjo¨rnsson (1998);
Martı´-Vidal et al. (2011) into formulas for the saturation level
(Caprioli et al. 2009; Luo & Melrose 2009) yields values of the
MF strength that are between one (non-resonant mode) and
two (resonant mode) orders of magnitude lower than observed.
Additionally, the time evolution of MF will not be as observed
(Dwarkadas et al. 2012).
To ensure that initially ▽ · B = 0 in the ejecta, we assume
that Bej,r is flat where ur ≤ u f l and Bej,r(r) ∝ 1/r2 where ur >
u f l. We assume the same for the tangential field, and scale all
components so that the total volume-averaged MF strength is
≃ 50 G when RSN = 1015 cm. For the initial condition at t0 =
1 year, we use the MF scaled according to flux conservation:
Bi(r, t0) = Bej(r)
R2SN
RSNR(t0)2 . (5)
In the current work we limit ourselves to scenarios with no
amplification of the MF upstream of the FS, and only the CSM
field is assumed to be transported through the shock to the down-
stream region. The MF in the circumstellar medium (CSM) of
Type-Ic and Type-IIP SNRs is shaped by the winds of the pro-
genitor stars. We assume that turbulence equalizes all compo-
nents of the MF in the wind zones until they are transported
through the FS. The profile of the MF in the environment of a
core-collapse SNR in our description is then given by
B(r) =
{
Bb(r) Rst ≤ r ≤ Rb
Bb(Rb)
√
11 Rb ≤ r ≤ Rsh, (6)
where Bb(r) = BstRst/r, Bst is the MF at the surface of the pro-
genitor star (≈ 100 G for WR stars, ≈ 1 G for RSGs), Rst is the
radius of the progenitor star (≈ 8R⊙ for WR star, ≈ 600R⊙ for
RSG), Rb is the radius of the wind-blown bubble in our sim-
ulations (≈ 7 pc for WR star, ≈ 2 pc for RSG), Rsh is the
radius of the swept-up shell (≈ 30 pc in both cases), and r
is the distance from the star. Note that the 1/r scaling of the
field strength results from the advection of the stellar MF in
a wind, colloquially known as the Parker spiral, where it ap-
plies to the tangential components only. The radial field in the
wind zone is supposed to arise from turbulence, which may in
fact also amplify it (O’C. Drury & Downes 2012), and should
be understood as RMS amplitude. Magnetic-field amplification
by cosmic-ray streaming (Lucek & Bell 2000), upstream dy-
namo action (Beresnyak et al. 2009b), the Richtmeyer-Meshkov
instability (Sano et al. 2012), or vorticity-generation at shocks
(Giacalone & Jokipii 2007) are not considered here.
The solution of Eq. 4 is obtained numerically, using the
initial conditions described above and the parameters of the
SNR plasma flow from the simulations described in Section 2.
The time-dependent solution for different SNR types is plot-
ted in Fig. 3. Our solutions for the MF evolution are consistent
with earlier 1-D studies (Rosenau & Frankenthal 1976), but 2-D
MHD solutions (Schure et al. 2009) show significant distortions
at the contact discontinuity due to the growth of the Rayleigh-
Taylor (or Kruskal-Schwarzschild) instability.
4. Particle acceleration method
Our method is based on time-dependent kinetic calculations
in a test-particle approximation (Telezhinsky et al. 2012a,b).
They are implemented by numerical solution of the diffusion-
advection equation for the differential particle number density
on a grid co-moving with the shock wave and in spherically
symmetric geometry. To resolve the diffusion length of the low-
est energy particles, we performed a coordinate transformation
that increases the spatial resolution near the shock. The spatial
coordinate, x, is related to the new coordinate, x∗, for which a
uniform grid is used, by the equation
(x − 1) =
(
r
RSH
− 1
)
= (x∗ − 1)3 , (7)
where RSH is the shock radius. Thus, with modest resolution in
the x∗, one may achieve a very fine resolution in x where it mat-
ters, namely in the shock region where the newly injected low-
momentum particles enter the acceleration process. The other
benefit is the significant extension of the grid toward x ≫ 1 at
very low computation cost, since the range in x is proportional
to the third power of x∗. The boundary condition for large x then
does not really affect our solution, since particles do not leak
out of the grid but rather are distributed over the huge upstream
volume according to the diffusion properties of the media. We
included an exponential transition from Bohm to Galactic diffu-
sion at around 2RFS. A high Galactic diffusion coefficient also
compensates for the deteriorating resolution of the spatial grid
beyond 2RFS. Because our method is based on the test-particle
approximation, we did not permit the CR pressure at the shock
to exceed 10% of the ram pressure. We used a thermal-leakage
injection model (Blasi et al. 2005), and adjusted the injection so
that the CR-pressure limit was not violated. The injection coef-
ficient, a free parameter, was taken to be approximately 5 · 10−6
for Type-Ic and for 5 · 10−8 Type-IIP SNR.
5. Results and discussion
Based on the hydrodynamic simulations described in Section 2
and the MF profiles obtained in Section 3, we compute time-
dependent particle distributions accelerated by the forward and
reverse shocks. We calculate the resulting emission due to syn-
chrotron, inverse Compton, and pion-decay processes, build cor-
responding surface-brightness maps and discuss the observa-
tional implications. We present snapshots at the age of 400,
1000, and 1975 years to trace spectral and morphological evo-
lution of emission coming from Type-Ic and Type-IIP SNRs.
5.1. Particle spectra
Particle spectra for Type-Ic and Type-IIP SNRs are given in
Fig. 4. We show spectra produced by acceleration at the forward
and reverse shocks plotted along with a volume-integrated total
spectrum from the whole SNR.
At an age of 400 years, the Type-Ic SNR is still propagat-
ing through the freely expanding stellar wind. The flow veloc-
ity and density profiles are given by the classical self-similar
solutions. The spectrum of protons accelerated by the FS is
well described by a power-law with exponential cutoff, in agree-
ment with classical DSA solutions. The magnetic field at the
FS is still strong at this age, and so particles reach high en-
ergies. The spectrum of RS-accelerated protons is also con-
sistent with standard DSA. Note that the volume integration
was performed over both the upstream and the downstream re-
gion of the RS, whereas the upstream region of the FS was
not covered (for details see Section 5.1.1 of our previous paper
(Telezhinsky et al. 2012a)). The magnetic field at the RS is con-
siderably smaller than at the FS, and so particle energies reach
a TeV only. However, the number of particles injected into the
5
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Fig. 4. Time evolution of the proton (top) and electron (bottom) spectra for Type-Ic and Type-IIP SNR. Total volume-integrated
spectra (S) are the sum of the contributions from the forward (F) and reverse (R) shocks.
acceleration process, and hence the density, is larger. Therefore,
below a few TeV the CR number density at the RS is higher than
that at the FS, and the total volume-integrated proton spectrum
displays a downward step around a few TeV. In phenomeno-
logical studies of SNRs such spectra may be interpreted as the
sum of different populations of particles coming from differ-
ent zones of the remnant (Araya & Cui 2010; Atoyan & Dermer
2012; Lemoine-Goumard et al. 2012). Since the MF is not strong
enough at either of the shocks to cause significant synchrotron
losses, the electron spectra look similar to those of protons.
The Type-IIP SNR at the same age also evolves in the freely
expanding progenitor wind, though this wind has a much higher
density. Therefore both electron and proton spectra have a much
higher intensity than in the Type-Ic SNR. The density at the RS
of the Type-IIP SNR is lower than at the FS, and consequently
the CR intensity is lower. Nonetheless, the contribution of the
RS to the overall particle spectrum is noticeable. The magnetic
field at the RS of the Type-IIP SNR is slightly larger than in the
Type-Ic case because the radius is smaller, and particles are ac-
celerated to somewhat higher energies, cutting off at around a
few TeV. For the same reason, electron losses in the downstream
region of the RS are more efficient and steepen the electron spec-
tra beyond a characteristic energy, Erad, downstream of the RS,
whereas in the upstream region of the RS the MF, and hence the
electron energy losses, are weak. Since the volume-integrated
spectrum of particles produced by the RS includes both the
downstream and the upstream contributions, we observe a bump
located at Emax of the RS upstream electron distribution, which
is located beyond Erad (see Section 5.1.1 of Telezhinsky et al.
(2012a) for details).
At 1000 years, Type-Ic SNR particle spectra produced by the
FS differ significantly from those expected via standard DSA.
The significant spectral modification can be traced back to the
interaction of the FS with the wind termination shock, at around
700 years. The effective compression ratio at the FS as seen by
the CRs increased significantly. The acceleration was boosted
for a short time, and since the interaction time was brief and the
spectral index hard, a bump at a few hundred GeV formed, which
slowly moved toward higher energies as the particles in it were
further accelerated by the FS.
By the time of 1000 years, a break at around 1 TeV is still
clearly visible. When the FS collided with the wind termination
shock, a reflected shock that propagates inward formed. By co-
incidence, the time when the reflected shock reaches the RS of
the remnant is very close to 1000 years. So the RS spectra shown
are rather specific for this particular time, but we show them to
illustrate the impact of the hydrodynamics on particle spectra. In
analogy with the FS, the compression ratio at the RS increased
for a very brief time of interaction, the spectral index became
very hard, and a bump at a few tens of GeV formed and shifted
to a few hundred GeV by the time of 1000 years.
Compared to the Type-Ic, Type-IIP SNRs do not show such
a strong variation in particle spectra at the same age. The for-
ward shock of the Type-IIP SNR encountered the MS wind zone
at around 600 years. Since the shock entered a very dilute envi-
ronment, no significant additional compression occurred at the
FS, but rather a very brief de-compression that did not affect CR
spectra. After the encounter, another reverse shock formed and
propagated through the FS-compressed CSM, and so we see a
three-shock structure: the FS propagating through the MS wind
6
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Fig. 5. Time evolution of the radial distribution of protons (top) and electrons (bottom) at an energy of 2 TeV and 20 TeV for
different SNR types and models. The 2-TeV distributions were downscaled by a factor 100 for better visualization.
zone, the internal RS going through the ejecta, and another re-
verse shock between them propagating through the dense CSM
compressed earlier by the FS. Although the divergence of the
plasma flow velocity is negative between the forward and in-
termediate shock, thus permitting re-acceleration of particles in
this region and at the intermediate shock itself, we cannot see
the effect in volume-integrated spectra. The FS speed increased
when it entered the diluted-wind zone. The maximum energy
of CRs, Emax, increased as expected, but the rate of particle in-
jection dropped significantly. The separation between the for-
ward and reverse shocks started to increase on account of the
boosted velocity of the FS, and so the volume enclosed by the
RS constitutes a diminishing fraction of the total SNR volume.
Nevertheless, the contribution of the RS-accelerated particles
remains visible because the RS propagates through very dense
ejecta.
Nearly 1000 years later, at the age of 1975 years, the ve-
locity profiles of both remnant types have relaxed. The multiple
weak reflected shocks in Type-Ic SNR have dissipated, but the
CR spectra still retain their effects, though in general they appear
smoother than before. The proton distributions from both the FS
and the RS are softer, and the contribution from the RS to the to-
tal proton spectra remains visible. The electrons accelerated by
the FS have rather soft spectra as well, while those accelerated
by the RS dominate the total electron spectra of Type-Ic SNR.
At an age of 1975 years, we see an excess of high-energy par-
ticles accelerated by the FS in the Type-IIP SNR. The electron
spectra differ only slightly from the proton spectra due to weak
synchrotron losses. Once the FS entered the dilute zone, the par-
ticle injection rate dropped four orders of magnitude. It takes
time for the particle spectra to adjust to the new equilibrium,
particularly so at very high energies. For the high-energy parti-
cles the characteristic diffusion-advection timescale, τda = κ/v2s ,
is long, and therefore they continue to diffuse around the shock
and gain energy while the lower-energy particles were advected
from the shock. We can consider the bump as a signature of the
delayed reaction of the high-energy particles to a sudden change
in the injection rate.
5.2. Radial distributions
The radial distributions of 2-TeV and 20-TeV particles are pre-
sented at Fig. 5. There is a clear difference between particle pro-
files depending on both energy and SNR type.
The 20-TeV particle profiles comprise only particles acceler-
ated at the FS, because the RS does not accelerate CRs up to this
energy on account of the small MF. On the other hand, the RS
region is prominent in the 2-TeV particle profiles because at this
energy CRs do not efficiently propagate away from their acceler-
ation sites. Since cosmic-ray electrons lose energy much faster
than protons, their intensity falls very quickly with increasing
distance from the shocks.
At the age of 400 years, Type-Ic SNRs show an increased
number density of 20-TeV particles between the two shocks.
There, the MF is higher than in other parts of the SNR, and
so particles are retained. In the ejecta region, where the MF is
low, particles are distributed rather uniformly with an intensity
approximately an order lower than in the shocked region. The in-
tensity of 2-TeV particles shows an enhancement in the region of
the RS on account of the RS acceleration, but only marginally so
because the cutoff energy of particles accelerated at the RS is be-
low 2 TeV. A steep decrease of intensity toward the SNR center
arises because the diffusion time of 2-TeV particles is long and
the age of the SNR is insufficient to distribute 2-TeV particles
uniformly.
The profiles of 20-TeV particles in Type-IIP SNRs of the
same age behave similarly. The intensity of 2-TeV CRs shows a
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significant peak at the RS, though, because the MF at the reverse
shock of Type-IIP SNR is stronger than in Type-Ic SNR. The
maximum energy of RS-accelerated particles is therefore con-
siderably higher than in the case of Type-Ic SNRs, in fact it is
well beyond 2 TeV, thus leading to a prominent contribution of
CRs from the RS.
As we mentioned above, the age of 1000 years happens to be
a special phase in the evolution of Type-Ic SNR for our choice of
parameters, and it is interesting to see what happens to particle
distribution just after the shocks collide. The profiles of 20-TeV
particle are largely unaffected by the recent interaction. The MF
at the RS is insufficient to re-accelerate particles up to 20 TeV
and raise the intensity at this energy. A small peak in between
two shocks can be explained by the increased MF at the contact
discontinuity behind one of the weak reflected shocks; a similar
structure is visible in the profiles of 2-TeV particles. This MF
creates a barrier for particle diffusion to the SNR center. The
2-TeV CR profiles are strongly affected by the recent shock col-
lision. An excess of 2-TeV particles is clearly seen at the RS and,
in fact, also in the volume-integrated particle spectra. Since the
particles have no time to diffuse around the acceleration region,
the peak is very sharp.
After 1000 years, the radial distribution of CRs in Type-IIP
SNR has changed dramatically compared to a few hundred years
earlier when the FS entered the MS wind zone. At the age of
1000 years the bulk of the CRs is relatively old, having been ac-
celerated when the FS was propagating through the dense RSG
wind. The high intensity of CRs, which were advected inside the
SNR, joins smoothly with the low intensity of particles freshly
accelerated by the FS. The profiles of 20-TeV particles are sig-
nificantly smoothed on account of fast diffusion, whereas the
intensity of 2-TeV particles shows an increase toward the RS.
The RS propagating through dense ejecta at 0.4RFS strongly con-
tributes to the profile of 2-TeV particles.
After 1975 years, the particle profiles in Type-Ic SNR have
lost memory of the reflected shocks present earlier. The spa-
tial distribution is rather smooth with enhanced intensity in the
shocked region, at 2 TeV particularly so at the RS suggesting
that acceleration is still ongoing. Low-energy particles are far
more abundant in the SNR interior than they were at early times.
At 20 TeV the intensity is nearly constant in the SNR interior.
The radial profiles of particles in Type-IIP SNR have not
changed much from 1000 to 1975 years. The profiles became
smoother, but the peak at the RS at around 0.3RFS is still ob-
served for 2-TeV particles. Interestingly, the intermediate shock
(see previous subsection) is now visible as an increase in low-
energy particle intensity at around 0.9RFS. Although no impact
of the intermediate shock is seen in volume-integrated spec-
tra, it clearly affects radial profiles, which suggests that some
re-acceleration occurs between the forward and intermediate
shocks in addition to particle trapping at the contact discontinu-
ity. This effect is not as relevant for 20-TeV particles on account
of fast diffusion, and so their distribution is rather smooth.
5.3. Nonthermal emission
We considered three radiation processes of non-thermal parti-
cles: synchrotron and inverse Compton (IC) emission of elec-
trons, and neutral pion decays originating in collisions of CR
protons with protons at rest. Only primary electrons are consid-
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ered for the leptonic processes. The calculated photon distribu-
tions for Type-Ic SNR and Type-IIP SNR are plotted at Fig. 6.
We also calculate, and discuss in context with the radiation spec-
tra, intensity maps for the emission at characteristic radio, X-ray
and gamma-ray wavelengths. The maps are shown in Fig. 7. We
note that in all calculations of volume-integrated spectra or in-
tensity maps the radial distributions of CRs, the target material,
and MF are taken into account. The result is significantly differ-
ent from simple toy-model calculations assuming uniform parti-
cle, density, and MF profiles inside the SNR. We first give brief
details on the method of calculation and continue with a discus-
sion of our results.
The relevant MF component for synchrotron emission is that
in the plane-of-sky, B⊥, which is perpendicular to the line of
sight (LOS). If all components of the MF are equal, then it is
straightforward to show that the effective value of B⊥ ≃ 0.8B.
When properly accounting for the transport of the MF to the
downstream region of the FS, it is clear that the radial and the
tangential components are not equal. We therefore derive the
plane-of-sky component of the MF as
B⊥ =
√
B2t sin2ξcos2α + B2t cos2ξ + B2r sin2α + BtBr sin ξ sin(2α),
(8)
where Br is the radial component of the MF, Bt =
√
B2
θ
+ B2φ
is the tangential component of the MF, α is the angle between
the radial direction and the LOS, and ξ is the angle between the
direction of the tangential field and the z-axis. Since ξ is un-
known and in general may assume any value in the range [0,2π],
there are two options to choose it. One option is to keep it con-
stant at ξ = π/4, the other one is to randomly vary it. The latter
case would assume strong turbulence and little radio polarization
(Stroman & Pohl 2009). Here we chose ξ = π/4 and applied the
standard formula for synchrotron emission as for instance used
by Sturner et al. (1997).
The IC emission was calculated using the full Klein-Nishina
cross section (Blumenthal & Gould 1970) for relativistic elec-
trons following Sturner et al. (1997). As the target photon field
for the IC scattering we considered the microwave background
only. We calculated hadronic gamma-ray emission according to
the procedure described by Huang et al. (2007).
Thermal emission was not considered here. However, we
estimated this given the SNR parameters under consideration.
Thermal emission should be very bright for young Type-IIP SNR
on account of the high gas density in the RSG wind. However,
at very early times Type-IIP SNe tend to show the lowest X-ray
intensity of all SN types (see Fig. 3 of Dwarkadas & Gruszko
2012). The reason may be that the high density also provides
strong absorption.
Most of the 1-TeV IC and pion-decay emission is created
by particles of roughly 20-TeV energy, whereas the energy of
electrons producing 1.4-GHz and 3-keV synchrotron maps de-
pends on the MF, which varies with age, location within the
SNR, and type of SNR. The general trend to be noted from Fig. 6
is that the high-energy emission from Type-Ic SNRs is domi-
nated by IC emission, with a non-negligible contribution from
pion-decay only at the early age of 400 years. Fig. 6 shows that
the high-energy emission of Type-IIP SNR is mostly hadronic,
with a non-negligible contribution from IC only at the late age
of 1975 years. This is not surprising, because the very thick
RSG wind provides a good target for hadronic CR interactions
in Type-IIP SNR, whereas Type-Ic SNRs expand in the low-
density wind of the WR star. While the high-energy flux from
Type-Ic SNRs is increasing with time, that from Type-IIP SNRs
is decreasing. Type-IIP SNRs are always brighter in gamma-rays
than Type-Ic remnants with the exception of late times when the
fluxes are of the same order. The synchrotron emission of both
SNR types shows the opposite trend. To be noted from Fig. 6–7
is that the spectra and intensity maps have a few distinct parti-
cle populations and emitting zones. Thus complex spectra and
morphology arise naturally, but evolve in time.
At the age of 400 years, the hadronic emission from Type-Ic
SNRs comes from two regions: the region of dense ejecta pro-
vides a high-energy bump in the spectrum, and the region around
the contact discontinuity accounts for a low-energy bump. The
energetic CRs accelerated at the FS penetrate deep into the SNR
and illuminate the ejecta, while low-energy CRs are trapped
around the RS and illuminate gas at the nearby contact dis-
continuity. The IC emission at this time comes mostly from
high-energy electrons of the FS. The synchrotron emission ex-
tends to hard X-rays. It comes mostly from the region be-
tween the FS and the contact discontinuity, somewhat increas-
ing in intensity toward the CD on account of increasing MF
(Rosenau & Frankenthal 1976; Lyutikov & Pohl 2004). The ra-
dio emission is clearly dominated by the emission from the CD,
where both MF and low-energy electrons are in excess. We
point out that the decelerating CD is subject to the Rayleigh-
Taylor instability, which we cannot treat in our 1-D calcula-
tions. Therefore, real brightness maps would show a consider-
ably more patchy structure near the contact discontinuity. The
idealized picture presented here should nonetheless trace the
general trend of the enhanced emission near the CD of core-
collapse SNRs.
The Type-IIP SNR at the same age shows quite different
spectra and morphology of emission. Hadronic emission comes
from the entire remnant with a significant contribution from the
CD. The PD spectrum is therefore very soft because the emis-
sion region is dominated by the low-energy CR population ac-
celerated at the RS. It is worth noting that the turnover in the
PD spectrum is around 10 GeV, a feature observed in other
core-collapse remnants as well (e.g. Cas A Acciari et al. 2010;
Abdo et al. 2010). The IC emission is produced in the region
between the CD and the FS, but its intensity is low. The whole
SNR is very bright in synchrotron X-rays because the MF is high
throughout. This makes it possible to clearly distinguish the RS,
the CD, and the FS. The radio emission, as in Type-Ic case, is
dominated by the CD region.
At the age of 1000 years, the gamma-ray emission from
Type-Ic SNR is dominated by IC radiation. The spectrum of the
emission is double-peaked: at low energies it is dominated by
the particles recently accelerated in the shock collision, whereas
the high-energy IC emission is produced by particles accelerated
at the FS. The PD spectrum is of low intensity with a signifi-
cant bump at low energies. The IC and PD morphology maps
at 1 TeV are dominated by high-energy CRs, and therefore no
hint of emission from RS-accelerated particles is seen. The PD
emission of FS-accelerated protons illuminating the dense ejecta
is still visible. The CD is now much brighter than the ejecta re-
gion, because the target density at the CD is on the same order
as in the ejecta, but the CR density is much higher. The region
between the CD and the FS, where the CR density is high, is
bright in IC emission. Since the MF in the shocked region be-
came approximately uniform, X-ray synchrotron emission pre-
dominantly comes from the same region, thus repeating the IC
morphology. Likewise, the synchrotron spectrum largely resem-
bles that of IC emission, except for minor differences on account
of MF radial profile. The radio emission predominantly arises at
the CD, where the MF is higher than at the RS itself.
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Fig. 7. Time evolution of intensity maps of Type-Ic (top) and Type-IIP (bottom) SNRs at 1 TeV due to pion-decay (PD) and inverse
Compton (IC), at 3 keV (SX) and at 1.4GHz (SR) due to synchrotron radiation. The left column is for the age of 400 years, the
middle column at 1000 years, and the right column at 1975 years. The scale is linear from zero to maximum in each image. All
images are normalized by the FS radius, RFS , at the respective time.
The very high gas density and fairly uniform distribution
of CRs in 1000-year old Type-IIP SNR renders the PD process
dominant in the emission spectrum. However, the emissivity is
mostly localized in the ejecta region. The CD is very bright,
and the abundance of low-energy protons there makes the PD
spectrum soft. The IC emission originates mostly in the weakly
magnetized ejecta and the region between the two contact dis-
continuities (one behind the reverse shock and the other behind
the intermediate shock). Both CDs are very prominent in syn-
chrotron X-rays. The radio synchrotron map is again dominated
by the CD behind the reverse shock on account of the distribu-
tion of low-energy electrons.
At 1975 years of age, the high-energy radiation from Type-Ic
SNRs is strongly dominated by IC scattering, with a significant
contribution coming from low-energy electrons at the RS and
ejecta regions. Most of the high-energy IC emission comes from
the shocked region, where the electron number density is high.
The PD radiation is very dim and arises mostly in the ejecta,
with some contribution from the shocked region and the CD.
Synchrotron X-rays are emitted in the region between the FS
and the CD, where both the number density of high-energy elec-
trons and the MF are high. The radio emission is very bright
around the CD and the RS, where the density peak of low-energy
electrons is located and the MF is high. Since the ejecta have a
very low MF, the low-energy peak in the synchrotron spectra has
nearly disappeared. This demonstrates how the radial profile of
the MF can affect the total emission spectrum, and that a simple
scaling of the synchrotron emission to IC does not work.
The brightness of a 1975-year old Type-IIP SNR is still
dominated by the pion-decay emission coming from the com-
pact ejecta region and the bright CD, but only up to energies of
around 1 TeV. At higher energies IC emission takes over, which
arises throughout the remnant out to the intermediate shock, pre-
dominantly tracing regions of low MF. In the region of strong
MF, between the intermediate and forward shock, we observe
hard X-ray synchrotron emission. Radio emission is significant
in the ejecta region only. One can see that not only the spectra of
IC and synchrotron emission do not resemble each other, but also
their morphology is strikingly different. Thus care must be ex-
ercised in interpreting the observations if one attempts a recon-
struction of the high-energy morphology from radio and X-ray
synchrotron maps of core-collapse SNRs (Petruk et al. 2009). A
clear shell-type SNR in X-rays may appear as a compact struc-
ture in high-energy gamma-rays, which may be mistaken for a
pulsar-wind nebula, thus confusing the identification of high-
energy gamma-ray sources. Note that the very dense CD and
ejecta have not expanded significantly, and the radius of the CD
is only around 3 pc after 1975 years. Resolving this region is a
challenge for the current TeV-band telescopes, because the an-
gular diameter would be only 0.17◦ at a distance of 2 kpc.
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6. Conclusions
Using realistic models for the circumstellar medium created by
stellar mass-loss around massive stars, we have studied the evo-
lution of the resulting SNR shock waves within this medium,
and computed the very high-energy signatures from the same.
Our calculations of the medium into which SNRs evolve took
into account the changes in mass-loss rate as the progenitor star
evolved through various stages. In this way, our calculations
far more precisely identified the various structures in the sur-
rounding medium than those of previous authors. For instance,
Caprioli (2011) assumed a single model to describe the circum-
stellar medium around all massive stars, with an RSG wind re-
gion extending into a constant density WR region. Not only is
such a single description unsuitable over the large parameter
space of stellar masses, but the structure these authors have de-
scribed is not consistent with observations for massive stars of
any given initial mass.
Ptuskin et al. (2010) also attempted to model the cosmic-
ray acceleration for four types of SNRs, including three core-
collapse types and Type-Ia SN. However, the environments these
authors assumed were not as detailed as ours, and it does not ap-
pear that they incorporated the density transitions that character-
ize the circumstellar medium in our work. As we have shown,
the effects of these transitions make a large difference to the par-
ticle spectra and the radiation signatures.
We advanced our model of particle acceleration and prop-
agation in SNRs (Telezhinsky et al. 2012a,b) by adding realis-
tic transport of the MF. Our calculations suggest that the MF
at the reverse shock is sufficient to accelerate particles to TeV
energies. Although the maximum energy of cosmic-rays at the
reverse shock is lower than at the FS, their intensity is high on
account of the high ejecta density in core-collapse SNRs. Thus
the reverse shock contributes a significant fraction of the total
CR intensity in SNRs at early times. The RS-accelerated parti-
cles soften the total emission spectra, in agreement with recent
data.
Emission spectra from core-collapse SNRs are complex and
reflect both the distribution of gas or MF and the spectral dif-
ferences between the particle populations coming from the for-
ward and reverse shock. High-energy emission from Type-Ic
SNR is dominated by leptonic processes, particularly so when
the SNR is older. High-energy radiation from Type-IIP SNRs is
very soft and strongly dominated by pion-decay emission, ex-
cept for emission at the highest energies from old SNR.
Both types of remnants show, in addition to a shell struc-
ture, a center-filled morphology of high-energy emission, be-
cause the dense and weakly magnetized ejecta in the interior
permits high-energy particles to propagate and radiate there. The
shell-type morphology of Type-IIP SNR, however, may be dif-
ficult to resolve with the current generation of gamma-ray tele-
scopes. We also found that the complex radial distribution of MF
causes significant differences in the morphology of synchrotron
and IC emission from core-collapse SNRs, and therefore a “re-
mapping” of the spectra and morphology of the two types of
leptonic emission is not advised.
The high-energy emission from Type-Ic SNRs is roughly an
order of magnitude fainter than that of Type-IIP SNRs at early
ages, but Type-Ic SNRs are good targets for the current gen-
eration of telescopes at the age of a thousand years and later,
whereas Type-IIP SNRs lose brightness very rapidly.
Our work demonstrates that the hydrodynamics of SNRs and
their interaction with the environment play a significant role in
shaping particle and emission spectra as well as intensity maps.
The emission from core-collapse SNRs is significantly different
from that of Type-Ia SNRs that evolve in a uniform environment
(Telezhinsky et al. 2012a).
Appendix
To derive Eq. 4 we rewrite Eq. 2 in spherical coordinates and
use the properties of the spherically symmetric flow profile with
velocity, u: ur = ur, uθ = 0, uφ = 0 and ∂ur/∂θ = 0, ∂ur/∂φ = 0.
The MF, B, has all three components, Br, Bθ, Bφ, and ▽ · B = 0,
therefore
u(▽ · B) = 0 (9)
B(▽ · u) =
B
(
1
r2
∂(r2ur)
∂r
+ 1
r sin θ
∂
∂θ
(uθ sin θ) + 1r sin θ
∂uφ
∂φ
)
=
Br
(
2ur
r
+
∂ur
∂r
)
rˆ + Bθ
(
2ur
r
+
∂ur
∂r
)
ˆθ + Bφ
(
2ur
r
+
∂ur
∂r
)
ˆφ
(10)
(B · ▽)u =(
Br ∂ur∂r +
Bθ
r
∂ur
∂θ
+
Bφ
r sin(θ)
∂ur
∂φ
− Bθuθ+Bφuφ
r
)
rˆ+(
Br ∂uθ∂r +
Bθ
r
∂uθ
∂θ
+
Bφ
r sin(θ)
∂uθ
∂φ
+
Bθur
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− Bφuφ cot(θ)
r
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∂uφ
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+
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∂uφ
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+
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r sin(θ)
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+
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Bφuθ cot(θ)
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(11)
(u · ▽)B =(
ur
∂Br
∂r
+
uθ
r
∂Br
∂θ
+
uφ
r sin(θ)
∂Br
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− uθBθ+uφBφ
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)
ˆφ =
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∂Br
∂r
rˆ + ur
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∂r
ˆθ + ur
∂Bφ
∂r
ˆφ.
(12)
Combining the expressions, we find for the evolution of the
three components of B
∂Br
∂t = −2Br urr − Br ∂ur∂r + Br ∂ur∂r − ur ∂Br∂r
= − ∂
∂r
(Brur) − 2Br urr + Br ∂ur∂r ,
∂Bθ
∂t = −2Bθ urr − Bθ ∂ur∂r + Bθ urr − ur ∂Bθ∂r = − ∂∂r (Bθur) − Bθ urr ,
∂Bφ
∂t = −2Bφ urr − Bφ ∂ur∂r + Bφ urr − ur
∂Bφ
∂r
= − ∂
∂r
(
Bφur
)
− Bφ urr .
(13)
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